Small-angle neutron scattering has been applied to study the vortex lattice in the intercalated graphite superconductor CaC 6 ͑T c = 11.3 K͒. Scattering from the vortex lattice is in the form of a ring, most likely reflecting the absence of in-plane orientational order of the pyrolitic graphene planes. The temperature and field dependence of the scattered intensity allows the in-plane zero temperature value of the coherence length ͓ = 350͑25͒ Å͔ and the London penetration depth ͓ = 500͑30͒ Å͔ to be estimated. Measurements with the applied field at 70°to the c axis directly reveal the penetration depth anisotropy, ␥ = 5.1͑4͒, which, unlike MgB 2 , is equal to the anisotropy of the coherence length deduced from magnetization measurements. The orientation of the vortex lattice is fixed relative to the rotation axis of the crystal as predicted by anisotropic London theory. The intercalation of graphite with metallic atoms has long been known to produce superconducting compounds.
The intercalation of graphite with metallic atoms has long been known to produce superconducting compounds. 1 However, interest has been renewed with the recent discovery of superconductivity in CaC 6 exhibiting a remarkably high T c Ϸ 11.3 K, 2 almost an order of magnitude higher than the previously known intercalated graphites. A conventional BCS, phonon mediated mechanism behind the superconductivity is strongly suggested by the presence of an isotope effect, 3 the absence of gap nodes deduced from heat capacity, 4 a single gap from spectroscopy measurements 5 and a conventional temperature dependence of the London penetration depth, . 6 The presence of two bands contributing to the superconductivity in MgB 2 , a similarly structured material, was evidenced by the inequality between the penetration depth anisotropy, ␥ , and that of the coherence length, ␥ . 7 It is notoriously difficult to measure derived from magnetization measurements of the lower critical field, B c1 , as pinning and surface barrier effects tend to mask the point of departure from the purely diamagnetic Meissner state. Neutron scattering allows us to directly measure the penetration depth and its anisotropy in an unambiguous manner by probing the vortex lattice ͑VL͒ spacing in different directions when the applied field is at a large angle to the c axis. The field dependence of the integrated intensity of the scattering provides us with a direct measurement of and via the modified London form factor. These values are consistent with an analysis modeling the temperature dependence of the form factor close to T c with GL theory.
The VL in type II superconductors results in a spatially oscillating magnetic field in the plane perpendicular to the magnetic field direction. The amplitude of this modulation is determined by the two characteristic length scales and . For a given internal field, shorter results in a lower minimum field between vortices, whilst shorter gives a higher peak field in the normal core of a vortex. The neutron, with its associated magnetic moment, can scatter from planes of vortices, producing a pattern of Bragg peaks related to the symmetry of the real space vortex arrangement. Experiments were carried out on the small-angle neutron scattering ͑SANS͒ beamline D22 at the Institut Laue-Langevin using neutrons of wavelength 16.5 Å with 10% wavelength spread. Two single crystals made up the sample used in these experiments, both cleaved from the same crystal and prepared under the same conditions as described previously. 8 The two crystals had masses of 4.06͑2͒ and 2.90͑1͒ mg and identical T c 's of 11.3͑2͒ K. The sample was cooled through T c in an applied field, almost parallel to the neutron beam, to form a VL. In this manner, the sample need only be rocked by small angles to illuminate the various Bragg peaks and to measure the total scattered or "integrated" intensity of a particular Bragg reflection. A measurement of the background nuclear scattering was subtracted from all low temperature data to leave only the signal from the VL. Magnetization measurements were made using a vibrating sample magnetometer to determine the upper critical field, B c2 ͑T͒, as function of temperature. Figure 1 shows B c2 ͑T͒ for fields applied parallel and perpendicular to the crystal c axis. The solid line in Fig. 1 is a fit using an approximation to BCS theory 9 and extrapolates to a T c ͑0͒ = 11.3͑2͒ K for both field directions. The two upper critical fields extrapolated to zero temperature are B c2 ͑0͒ Ќ = 0.99͑1͒ T and H c2 ͑0͒ ʈ = 0.214͑3͒ T. The ratio of the critical fields, ␥ = B c2Ќ / B c2ʈ = ʈ / Ќ = 4.6͑1͒ is a measure of the ratio of the coherence lengths parallel and perpendicular to the c axis. A similar value ␥ = 5 has been derived from the resistive transition. 10 In this paper we report these values are comparable to the ratio of the corresponding London penetration depths, ␥ = 5.1͑1͒. Figure 2 shows the diffraction image from the vortex lattice following field cooling in 50 and 80 mT to 2 K. The observed ring of scattered intensity shows that the VL is disordered, or at least polycrystalline with many differently oriented domains of VL. This is not surprising since it is well known that the ab planes in pyrolitic graphite do not have very long-range orientational order and that the VL tends to align itself 11 to a specific crystalline direction. Nevertheless, we find that a precise measurement of the scattering vector, q, of the Bragg ring is consistent with interplane vortex spacing of hexagonal VL domains. Consequently, we have for the integrated intensity summed the neutron counts within a 60°s ector of the Bragg ring, which for any given VL domain will contain the scattering from exactly one Bragg peak. The rocking curve at 50 mT, shown in the inset to Fig. 3 , has a remarkably wide full-width-half-maximum ͑FWHM͒ of 14͑2͒°corresponding to a VL longitudinal correlation length of ϳ0.8 m. The rocking curve width provides a measure of the longitudinal correlation length of vortices; this may be diminished due to a finite sample size as in powders or pinning-induced disorder.
The integrated intensity of the rocking curve, I, is related to the Fourier component of the spatial variation of the magnetic field, or form factor F by the relation: 12
Here, V is the illuminated sample volume, is the incident neutron flux density, ␥ is the neutron magnetic moment in nuclear magnetons, n is the neutron wavelength, ⌽ 0 is the flux quantum, and q is the magnitude of the scattering vector. The London form factor, F ͑applicable for = ϱ͒ can be modified by an exponential term to account for the finite size of the vortex cores as
where B is the average internal field, is the penetration depth, is the coherence length, and C is a constant with a value between 0.25 and 2. 13 Figure 3 shows the temperature dependence of F for applied fields of 50 and 80 mT. For temperatures approaching T c , F decreases linearly with temperature as expected from Ginsburg-Landau ͑GL͒ theory. 14 Knowing the gradient dF / dT near T c and the gradient of dB c2 / dT from Fig. 1 and using the approach of Forgan et al., 15 we can deduce two almost identical values for = ab / ab at the two temperature ranges considered: ͑50 mT,5-9 K͒ = 1.17͑7͒ and ͑80 mT,4-7 K͒ = 1.18͑7͒.
Taking ab ͑0͒ to be 392͑3͒ Å from B c2 ʈ c͑T =0͒ gives a value for ab ͑0͒ = 459͑35͒ Å, making the reasonable assumption that at T = 0 is the same as that found over the two temperature ranges. The exponential correction term in ͑2͒ is essentially empirical and has not been verified for low materials, and would certainly not be applicable close to B c2 where F → 0. Using a value of C = 0.5 7, 13 we can make a fit of the data at low temperatures yielding values of ab = 500͑30͒ Å and ab = 350͑20͒ Å, as shown in Fig. 4 and in good agreement with the values derived above.
Applying the London formula, n = m e / 2 0 e 2 , assuming no electronic mass enhancement, and using ab ͑0͒ = 500͑30͒ Å, we can derive the number density of superconducting electrons, n at T = 0 to be 1.1͑1͒ ϫ 10 22 cm −3 . This corresponds to 0.10͑1͒ superconducting electrons per carbon atom using the known lattice parameters. 16 Using n and the normal state resistivity ͑ =1 ⍀ cm Ref. 17͒ we can estimate the dirtiness of the superconductivity, L / ab where the mean free path, L = v F m e / ͑ne 2 ͒ and ab = បv F / ͑1.764 kT c ͒ giving L / ab = 2.5͑3͒ placing the material just in the clean limit.
To obtain ␥ , the sample was rotated so that the applied field was at an angle of 70°with respect to the c axis. The anisotropy of the penetration depth induces a distortion of the vortex lattice so that the Bragg peaks no longer lie on a circle but on an ellipse, with an aspect ratio directly related to the penetration depth anisotropy. 7, 11 Campbell et al. 18 predict a specific orientation of the vortex lattice with respect to the ellipse axes, i.e. that Bragg peaks should lie on the minor axis. The elliptical distortion and this preferential orientation are shown in Fig. 5 at 80 mT. The increased intensity on the vertical axis is not simply due to the difference in the magnitude of the scattering vectors in the horizontal and vertical directions. Taking into account the different value of q y and comparing the B ʈ c and BЄ70°measurements there is an increase in intensity in the q y direction in the 70°case showing that intensity has moved from other directions round the ellipse into the q y direction due to an orientational effect. Finally, the intense peak in the q y direction is not simply due to an absence of intensity in other directions, as this is ϳ5 times larger than that expected if there were no orientational effect. The high intensity diffraction spots observed in the minor axis directions, q y are thus a satisfying confirmation of the prediction of Campbell et al.. The low intensity in the major axis direction, q x where four other spots are expected, is most likely due to disorder induced by vortices crossing defects in the ab plane. Using Campbell's approach, ␥ is found directly from the ratio of major to minor axes of the ellipse , by
where = 70°is the angle between the applied field and the c axis. The axes ratio of the ellipse in Fig. 5 was obtained from integrating the intensity over 7°sectors along the ellipse axes. The resulting values were ͉q x ͉ = 0.00632͑9͒ Å −1 and ͉q y ͉ = 0.00246͑3͒ Å −1 giving the axis ratio, = 2.57͑5͒. Using ͑3͒ we obtain ␥ = 5.1͑4͒ which agrees well with ␥ derived from the data in Fig. 1 . Due to the layered nature of CaC 6 , it is natural to consider a comparison between this compound and MgB 2 . Our current study made two measurements of the anisotropy to search for evidence of double band/gap behavior. 7 The agreement between the two anisotropy parameters, ␥ and ␥ , is consistent with the single band nature of the superconductivity but does not rule out the unlikely possibility of multiple bands with identical anisotropies. It is of interest to note that the anisotropy found in the Yb compound, which has a very similar c axis lattice parameter, is only ϳ2 as deduced from measurements of the critical fields. 2 In conclusion, there is remarkable agreement between the value of deduced from the modified London form factor ͑2͒ and that found from dF / dT with a GL approach. The values of ab found are somewhat lower than the only value published, to our knowledge, of 720͑80͒ Å, 6 measured using mutual inductance techniques. The unusually large rocking curve width of 14°corresponds to a short correlation length of the vortex lattice along the field direction of 0.8 m. A possible explanation is this length corresponds to the average grain size along the c axis of crystallites of aligned carbon planes. If the vortex lattice is pinned orientationally to a crystal direction in the carbon planes, the result would be a ring of scattering corresponding to all orientations of the crystallites consistent with these observations. The extra intensity in the minor axis direction of the ellipse of scattering found when the applied field was 70°to the c axis confirms the prediction from anisotropic London theory. 18 
